It has been demonstrated in our previous studies that in order for greater methane conversion and less coke-formation, a higher oxygen permeation rate through the outer oxygen separation layer of a functional dual-layer ceramic hollow fibre membrane is needed. Besides new membrane materials with higher oxygen permeability, another way of improving oxygen permeation is to reduce the separation layer thickness, although this strategy is limited by the characteristic thickness, L c , where bulk diffusion and surface oxygen exchange are both important. As a result, a series of La 0.80 Sr 0.20 MnO 3-δ (LSM)-Scandia(10%)-Stabilized-Zirconia (ScSZ)/ScSZ-NiO functional dual-layer hollow fibres (DL-HF) with an outer oxygen separation layer thickness between approximately 8.0 and 72.4 µm were fabricated in this study, by using the single-step co-extrusion and co-sintering process. The effects of separation layer thickness on oxygen permeation and mechanical strength were investigated. The oxygen permeation of the LSM-ScSZ separation layer is more likely to be controlled by surface exchange at higher temperatures, and changes to mixed control by both bulk diffusion and surface exchange at lower temperatures. A thicker separation layer also results in a thinner catalytic substrate layer, and subsequently decreases the mechanical strength of the dual-layer hollow fibre membrane.
Introduction
In our previous studies, a reliable membrane fabrication process, i.e. coextrusion and co-sintering process, has been developed to fabricate duallayer ceramic hollow fibre membranes with controlled structures. The membranes of this type have also been used as compact membrane reactors for methane conversion [1, 2] and micro-tubular solid oxide fuel cells (SOFC) [3] [4] [5] [6] [7] . With regard to the dual-layer hollow fibre membrane reactor (DL-HFMR), oxygen permeation through the outer oxygen separation layer is the key factor for better methane conversion and less coke-formation, determining the performance of such a membrane reactor design for methane conversion.
Use of dense ceramic membranes with unique mixed ionic-electronic conducting (MIEC) properties to separate highly pure oxygen from air has been widely studied for several decades [8] [9] [10] . The oxygen permeation through such membranes relies on two processes, i.e. surface exchange on the membrane surface (feed side and permeate side) and bulk diffusion of oxygen ions through the membrane. As the slowest step predominantly determines the overall rate of oxygen permeation, it is important to know what the rate-determining or controlling step for oxygen permeation is in order to further improve the oxygen permeation flux [11] [12] [13] .
In principle, oxygen permeation flux changes with membrane thickness in the way shown in Figure 1 . When the membrane is much thicker than the characteristic membrane thickness ( C L ), bulk diffusion is the controlling step and the oxygen permeation flux increases linearly with the inverse of the membrane thickness ( L ). The increase of oxygen permeation flux deviates from the straight dashed line when the membrane thickness approaches C L , indicating that oxygen permeation is co-governed by both bulk diffusion and surface exchange processes, which is quite usual for most of the reported ceramic membranes for oxygen separation. Further decrease of L to a level that is much lower than C L would not increase the oxygen permeation, as surface exchange becomes the controlling step.
If the thickness of the oxygen separation layer of a DL-HFMR is higher than its characteristic thickness, a thinner separation layer allows a higher permeation of oxygen and subsequently improves the reactor performance. As a result, a series of La 0.80 Sr 0.20 MnO 3-δ (LSM)-Scandia(10%)-Stabilized-Zirconia (ScSZ)/ScSZ-NiO functional dual-layer hollow fibres (DL-HF) have been fabricated in this study, by using the co-extrusion and co-sintering process.
The thickness of the outer oxygen separation layer (LSM-ScSZ) can be reduced from approximately 72.4 to 8.0 µm. The effect of outer separation layer thickness on the oxygen permeation of LSM-ScSZ/Ni-ScSZ dual-layer hollow fibre membranes has been investigated, in order to outline the controlling step for oxygen separation. The effect of outer layer thickness on the mechanical strength, another important property of ceramic hollow fibre membrane, has also been studied. It should be noted here that, although the current study aims to investigate the oxygen permeation of DL-HFMR-ScSZ, a similar membrane fabrication process and membrane structure can be used for other ceramic materials that have been shown to have excellent oxygen permeability, in an effort to further improve their performance for oxygen separation. and tap water were used as the internal and the external coagulants, respectively, when fabricating the dual-layer hollow fibres.
Experimental

Materials
Fabrication of LSM-ScSZ/NiO-ScSZ dual-layer hollow fibres
The preparation of spinning suspensions as well as the co-extrusion process has been described elsewhere [1, 2] . The outer oxygen permeation layer consisted of 40 vol. % of LSM as an electronic conducting phase and 60 vol. % of ScSZ as an ionic conducting phase, while the inner catalytic substrate was made of a mixture of NiO and ScSZ. In contrast with the previous membrane fabrication process where the extrusion rates of both the inner and outer layers were fixed, the extrusion rate of the inner layer was maintained at a certain value for the work described in this study, while the extrusion rate of the outer layer was varied from 0.5 to 5 ml/min, resulting in a series of duallayer hollow fibre membranes with gradually increased outer layer thicknesses. Table 1 lists the suspension compositions and co-extrusion parameters. The formed precursor fibres were then cut into the required length, dried and straightened, and finally co-sintered at 1400 °C for 5 h, with heating and cooling rates of 5-10 and 3 °C/min respectively.
Characterisation of dual-layer hollow fibres
The microstructure of the dual-layer hollow fibres was ascertained using a scanning electron microscope (SEM, JEOL JSM-5610LV, Tokyo, Japan). 
where F is the measured loading at which fracture occurred (N); L, D, d i are the length (m), the outer diameter and the inner diameter of the hollow fibres (m), respectively. In order to compare the mechanical strength of the cosintered fibres and the one reduced in hydrogen for oxygen permeation and methane conversion measurements, some co-sintered fibres were cut into 5.0 cm in length, packed in a dense alumina tube and reduced separately in hydrogen (600 °C, 15 ml/min) for 30 min prior to mechanical strength tests.
Oxygen permeation and methane conversion of DL-HFMR-ScSZ
Measurements of oxygen permeation and methane conversion were carried out using the set-up shown in Figure 2 . cm of heating zone). Prior to the measurements, the inner layer was reduced in a hydrogen stream (15 ml/min) at 600 °C for 30 min and turned into a highly porous structure. A gas mixture of CO (10%)/Ar (20 ml/min) was used as the "sweep gas" for the oxygen permeation measurement, and the amount of oxygen permeated through the outer layer was monitored by the amount of CO 2 produced. N 2 of approximately 1´10 -3 ml/s was detected by GC before the measurement, which is very similar to our previous studies [1, 2] . Such a low level of leakage did not change during the whole measuring processes, indicating good gas tightness of the separation layer.
Measurements of methane conversion were performed as in previous studies [1, 2] . After reduction of the inner layer, 20 ml/min of CH 4 (10%)/Ar was fed into the lumen of the fibre, while the outer surface was exposed to ambient air inside the furnace. Methane conversion (X CH4 , %) and S C (%) indicating the methane converted into coke and possibly tiny amounts of C2 products were calculated using the following equations, while oxygen permeation rate (F O2 , ml/min) was calculated based on the mass balances of oxygen.
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3. Results and discussion Figure 3 shows photographic images of the precursor dual-layer fibres, with the outer layer extrusion rate varied from 0.5 to 5.0 ml/min. As can be seen, the inner catalytic substrate layer is of a typical asymmetric structure, i.e. a sponge-like layer supported on another finger-like layer, while the outer oxygen separation layer is of sponge-like structure. Furthermore, there is a clear interface between the two layers, with the outer layer tightly bonded to the inner layer with no gaps between them, indicating good uniformity of the prepared fibres and great adhesion between the two layers.
Morphology of the precursor dual-layer hollow fibres
It can also be seen in Figure 3 that the thickness of the outer oxygen separation layer increases with increasing extrusion rate, while the asymmetric structure of the inner catalytic substrate layer is only weakly affected. This also demonstrates that the co-extrusion process provides a controlled way of fabricating dual-layer ceramic hollow fibres, especially with respect to reducing the thickness of the separation layer (the top-layer) while maintaining sufficient membrane uniformity. Currently this is not guaranteed using most other multi-step membrane fabrication processes, especially for membranes in the form of hollow fibre or micro-tubes. The presence of surface pores in Figure 9 agrees with the previous study [1] and has been proved that it would not affect the gastightness of the separation layer.
Microstructure of the co-sintered dual-layer hollow fibres
As a result, it can be concluded that the variation of the extrusion rate of the outer layer during the co-extrusion process would not change the microstructure of the resultant dual-layer hollow fibres, except for the thickness of the two layers. The inner diameter (ID) and outer diameter (OD)
of the co-sintered dual-layer hollow fibres with different outer layer thicknesses are very similar, and are approximately 750 and 1300 µm, respectively, observed by SEM. The thickness of the inner layer decreases with increasing outer layer extrusion rate (from 0.5 to 5.0 ml/min), while the thickness of the outer layer increases ( Figure 10 ). This results in a significant drop in the ratio between the thickness of the inner and the outer layers, especially when the outer layer is very thin (from 0.5 to 2.0 ml/min). When the extrusion rate is increased from 2.0 to 5.0 ml/min, the drop in the thickness ratio is less pronounced. Such a change in the thicknesses of the two layers with the varied extrusion rate of the outer layer is due to the co-extrusion process. The current co-extrusion process is based on the conventional drywet spinning method that has been widely used to fabricate polymer and ceramic hollow fibre membranes. In this process, there is an air gap between the spinneret and the external coagulation bath (it is called wet spinning when the air gap is zero, or the spinneret is immersed in the external coagulation bath). In order to obtain a fully symmetric structure of the outer layer, a large air gap of 26 cm must be used. Otherwise, finger-like voids will also develop from the outer surface and will sometimes penetrate through the boundary between the two layers. Such finger-like voids can be considered as defects in the outer oxygen separation layer and consequently can adversely affect the gas-tightness and mechanical properties of this layer, although the resistance of bulk diffusion may be reduced as well.
The use of a large air gap means that the spinning suspension extruded through the spinneret has to pass a vertical distance of 26 cm, prior to making contact with the external coagulation bath where the phase inversion is completed. With this air gap length, the phase inversion process is incomplete in the region between the spinneret and the coagulation bath and as a result the precursor fibre is soft. When the extrusion rate of the outer layer is increased (the rate of the inner layer is maintained stable by the syringe pump), the precursor fibre in the air gap becomes heavier, which causes plastic deformation of the fibre and subsequently reduces the thickness of the inner layer. As the increased extrusion rate of the outer layer is able to compensate for this phenomenon of deformation, the thickness of the outer layer still increases with increasing extrusion rate.
Due to the change in the thicknesses of the two layers as the outer layer extrusion rate is varied, the mechanical strength of the resultant membranes is affected and is investigated in the following section. Figure 11 shows how the mechanical strength of the developed dual-layer hollow fibres as a function of thickness of the two layers. As can be seen, the mechanical strength of the co-sintered fibres (before reduction in hydrogen) is reduced with decreasing thickness of the inner layer (or increasing thickness of the outer layer), which indicates that the major contribution to the mechanical strength of the dual-layer hollow fibre is from the inner layer, in agreement with previous studies [2] . After reduction, the NiO in the inner layer is converted into Ni and the dense inner layer turns into a highly porous structure. This reduces the mechanical strength of the dual-layer hollow fibre by around 25%. Meanwhile, the major contribution to the mechanical strength of the reduced dual-layer hollow fibres should also be from the inner layer, as strength decreases with decreasing thickness of the inner layer (or increasing thickness of the outer layer). Furthermore, the drop in the mechanical strength of both the co-sintered and the reduced samples decreases in a more moderate way when the extrusion rate of the outer layer is increased from 2.0 to 5.0 ml/min, in agreement with the change of the thickness ratio between the two layers.
Mechanical strength of the dual-layer hollow fibres
Oxygen permeation of the dual-layer hollow fibre membranes
Oxygen permeation of the LSM-ScSZ/Ni-ScSZ dual-layer hollow fibre membranes was investigated using the set-up shown in Figure 2 . Direct measurement of oxygen permeation using inert sweep gas would result in the re-oxidation of Ni into NiO by the permeated oxygen. This would result in significant changes in mass transfer resistance of the inner layer during the measurement. As a result, a gas mixture of CO (10%)/Ar (20 ml/min) was As can be seen in Figure 12 , for all the membranes tested, the oxygen permeation increases with elevated operating temperatures. When the operating temperature is below 920 °C, the oxygen permeation rate increases with decreasing thickness of the outer separation layer, which indicates that bulk diffusion determines or co-determines the oxygen permeation. While at 970 °C, oxygen permeation rates of all the three membranes were almost identical, indicating that at or above this temperature surface exchange is the controlling step for oxygen permeation. Further reduction in the thickness of the separation layer would not increase the oxygen permeation rate in this case. As the inner layer is highly porous after reduction, its mass transfer resistance can be neglected when compared with the resistance from the separation layer. Although the inner layer thicknesses of the three tested membranes are slightly different, it is reasonable to assume that such a change in oxygen permeation rate ( Figure 12 ) is predominantly due to the varying thicknesses of the outer oxygen separation layer. As a result, bulk diffusion is more likely to be the controlling step for oxygen permeation at lower operating temperatures, while surface exchange is the controlling step at higher temperatures.
The effects of separation layer thickness on oxygen permeation at different temperatures can also be presented in the way shown in Figure 1 . As can be seen in Figure 13 , at 970 °C, surface exchange is always the controlling step In terms of dense ceramic membranes made of dual-phase materials for oxygen separation, its mechanism of oxygen permeation is less well studied and described when compared with the one made of single phase materials with the perovskite structure. Oxygen transport in a dense membrane made of LSM-yttria-stabilised zirconia (YSZ) was studied by the group of Kilner [23, 24] .
Both oxygen diffusion and surface exchange increase with elevating temperatures, which is same as the single-phase materials. Interestingly, surface exchanges of such dual-phase materials were higher than LSM and YSZ, while a higher content of LSM resulted in lower oxygen diffusion. For a disk-type sample (LSM-YSZ, 35-65 wt.%), surface exchange coefficient increased with elevated temperatures (from 803 to 995 °C) in a much faster way than oxygen diffusion, which may indicate that bulk diffusion is more likely to be the controlling step at higher operating temperatures.
The oxygen permeation of the LSM-ScSZ separation layer may not be directly compared with the single phase MIEC membranes and the disk-type LSM-YSZ dual-phase membrane (due to different surface exchange processes).
However, by using the principles of oxygen permeation through the dense ceramic membranes, the controlling step of oxygen permeation through LSMScSZ should be more likely to be surface exchange controlled at higher operating temperatures or for thinner LSM-ScSZ separation layers. Also, by using the co-extrusion and co-sintering process for membrane fabrication, the thickness of the oxygen separation layer can be reduced to several microns, and surface exchange can easily be the controlling step for oxygen permeation. If the same knowledge and techniques can be transferred to the fabrication of other oxygen permeation membranes, significantly higher oxygen permeation can be expected.
Since surface exchange of LSM-ScSZ is the controlling step for oxygen permeation at high operating temperatures, and high temperatures have to be used in order to increase oxygen permeation and subsequently improve the performance of the DL-HFMR [1, 2] , it is reasonable to predict that the maximum achievable methane conversion of all DL-HFMR-ScSZ with different thicknesses of the outer oxygen separation layer will be the same. However, for completeness, two DL-HFMR-ScSZ with outer oxygen separation layers of 8.0 and 63.8 µm were tested for methane conversion at 820 °C. The purpose of this test is to confirm that thinner separation layers still contribute to improving reactor performance at lower operating temperatures where bulk diffusion co-determines the oxygen permeation.
Two dual-layer hollow fibres (14 cm in length) of the same outer layer thickness were bundled together and used as a DL-HFMR-ScSZ for methane conversion This was done with the aim of achieving sufficient membrane surface area, and as a result, a higher oxygen permeation rate. As can be seen in Figure 14 , under the same operating conditions, the trends in the changes in methane conversion, coke formation and oxygen permeation rate with reaction time are in agreement with previous studies [1, 2] . The DL-HFMR-ScSZ with a thinner oxygen separation layer (8.0 µm) shows higher methane conversion and oxygen permeation rate, together with less coke formation, when compared to the one with a thicker oxygen separation layer (63.8 µm). This also agrees with the oxygen permeation measurement shown in Figures 12 and 13 , in which bulk diffusion co-determines oxygen permeation at lower operating temperatures.
Conclusions
In 
